INTRODUCTION
============

As the only nuclear magnetic resonance (NMR) active oxygen stable isotope, ^17^O NMR spectra have been collected for a large range of metal oxides ([@R1]--[@R3]) and reveal that ^17^O is extremely sensitive to the local environment of the oxygen, resulting in a wide chemical shift range of more than 1000 ppm ([@R4]). However, only few reports have been published on nanosized oxides ([@R5], [@R6]) despite their use in numerous applications ([@R7], [@R8]). This is largely a result of the high cost of ^17^O enrichment, generally necessary because of the low natural abundance of ^17^O (0.037%) and the difficulties associated with efficient isotopic enrichment of the nanomaterials (for example, heat treatment in ^17^O-enriched O~2~ gas, a common method for ^17^O enrichment, generally leads to particle sintering). However, the low natural abundance of the bulk also brings new possibilities for selective labeling and detection of specific sites.

NMR spectroscopy, which is sensitive to the short-range order of all the resonant nuclei in the sample investigated, should be ideal to study nanomaterials, where the long-range order is usually interrupted by the surface and other defect sites. At the same time, as one of the most extensively studied nano-oxides, ceria nanostructures have been studied for use in a wide range of applications from solid oxide fuel cells ([@R9]) and catalysis ([@R10]) \[for example, in catalytic convertors ([@R11])\] to biological applications ([@R12]). Therefore, we demonstrate our novel ^17^O NMR approach with this nanomaterial. In addition to the finding that different oxygen species (oxygen ions in different layers and different surfaces) can be distinguished in ^17^O NMR, we discover that hydroxyl groups can form through water dissociation on ceria nanoparticles, and this process can be exploited to produce an efficient and selective ^17^O labeling method for the surface of nanosized oxides.

RESULTS
=======

Ceria nanoparticles were prepared hydrothermally ([@R13]), and their structures were confirmed by x-ray diffraction (XRD; fig. S1A). Broader peaks were observed in the XRD patterns consistent with the small particle sizes (\~3 nm), as indicated by the transmission electron microscopy (TEM) images (fig. S1B). Although the ceria nanoparticles exhibit mostly round-shaped or polyhedral morphology, according to previous experimental observations ([@R14]) as well as theoretical calculations ([@R15]), the surfaces are dominated by the thermodynamically most stable (111) face (fig. S1B).

^17^O enrichment was conducted by heating the \~3-nm nanoparticles in an ^17^O~2~ gas atmosphere at different temperatures. The mean diameters, calculated on the basis of the XRD data by using the Debye-Scherrer equation, increase with increasing enrichment temperature (fig. S2 and table S1) from about 4 to 42 nm after calcination at 523 and 1073 K, respectively. The results are consistent with Brunauer-Emmett-Teller (BET) surface area data (table S2), which show a drop in surface area from 190 to 6 m^2^ g^−1^ over the same temperature range.

The ^17^O magic angle spinning (MAS) NMR spectra of the ceria nanoparticles are compared with the "bulk" ceria, that is, micrometer-sized Ce^17^O~2~ particles (commercial reagent CeO~2~ obtained from Sinopharm Chemical Reagent Co. Ltd. enriched in ^17^O~2~ gas; also see figs. S1 and S3), in [Fig. 1A](#F1){ref-type="fig"}. Bulk ceria contains one sharp resonance at 877 ppm corresponding to the four-coordinated oxygen ion (OCe~4~) site, consistent with previous studies ([@R16]). The resonances are much broader for the nanoparticles, and three additional peaks at about 1040, 920, and 825 ppm are observed. The positions of these resonances do not change in spectra acquired with different external magnetic fields (14.1 versus 9.4 T), indicating that these peaks arise from species with small quadrupolar coupling constants (*C*~Q~s). The intensities of the three new peaks decrease (relative to the resonance at 877 ppm) with increasing particle sizes, suggesting that these species are related to surface and subsurface sites or other defect sites (for example, sites near oxygen vacancies) ([@R17]). The width of these peaks must reflect the large distribution of chemical shifts for the different surface and subsurface environments, as well as the relatively wide size distribution of the nanosized sample (fig. S1). The longitudinal relaxation times (*T*~1~) associated with the new peaks are shorter than that of the bulk environment, again implying that these sites may be nearby defects (fig. S4).

![Solid-state NMR spectra of nanosized ceria in comparison with DFT calculations.\
(**A**) ^17^O NMR spectra for ceria nanoparticles enriched at different temperatures and acquired at different external fields compared with the ^17^O NMR spectra of micrometer-sized ceria (bulk ceria) and the summary of the chemical shifts predicted using a structural model shown in (B). The spectra obtained at 14.1 and 9.4 T were acquired with spinning speeds of 55 and 20 kHz, respectively. Short pulse lengths of 0.1 to 0.4 μs corresponding to π/72 to π/18 pulses for H~2~^17^O and optimized recycle delays from 1 to 100 s to ensure quantitative observations of all the resonances were used. Detailed experimental parameters are summarized in table S9. (**B**) The structural model of ceria used in the DFT calculations. Red and white spheres represent oxygen and cerium ions, respectively. The exposed surface is (111), and the calculated chemical shift of ^17^O in each layer is shown on the right.](1400133-F1){#F1}

First-principles density functional theory (DFT) calculations were performed to aid the spectral assignments. The CeO~2~(111) surface was considered initially (on the basis of the TEM results), and a slab model composed of 6 layers of cerium and 12 layers of oxygen ions (6 CeO~2~ trilayers) was constructed for the calculations ([Fig. 1B](#F1){ref-type="fig"}), where the oxygen ions at the same layer have the same local bonding environments and thus have the same chemical shift (δ~iso~), *C*~Q~, and asymmetry parameter (η~Q~) within each layer. The oxygen ions in the center layers (fourth to ninth layers) have similar calculated chemical shifts of \~880 ppm ([Fig. 1B](#F1){ref-type="fig"}), which are close to the experimental chemical shift of oxygen ions in bulk ceria (877 ppm, [Fig. 1A](#F1){ref-type="fig"}) ([@R16]). For the top and bottom three layers, however, different chemical shifts at about 1033, 921, and 837 ppm (with small *C*~Q~ values smaller than 0.14 MHz, table S3) were calculated for oxygen ions at the first, second, and third layers of the slab, respectively. These chemical shift values are surprisingly close to those of the three additional peaks observed in NMR spectra of the ceria nanoparticles. On this basis, the peaks at 1040, 920, and 825 ppm ([Fig. 1A](#F1){ref-type="fig"}) can be tentatively assigned to the oxygen ions at the outmost first, second, and third layers of the particles, respectively. Previously, the dependence of chemical shift on the atomic position with respect to the surface was predicted and observed experimentally only in ^77^Se NMR of ZnSe nanoparticles; however, the peaks, owing to different layers, were not clearly resolved ([@R18]). The assignment of the peak at 1040 ppm to the first-layer (three-coordinated) oxygen \[on the (111) surface\] is in agreement with the trend that the oxygen chemical shift moves to higher frequency as the coordination number decreases in simple metal oxides ([@R3]). The fractions of first-layer oxygen ions (extracted by using spectral deconvolution) are in accordance with the predictions from BET measurements (fig. S5). The quadrupolar coupling constants of these oxygen ions predicted from DFT calculations are also small (table S3, ν~Q~ smaller than the radio frequency field amplitude ν~1~ of 62.5 kHz).

Calculations were also performed for other low-index surfaces, such as the (110) and (100) surfaces (fig. S6), which may also be present in the nanoparticles. In all the surfaces explored, the oxygen ions on the first layer have lower coordination numbers and give rise to shifts at higher frequencies (\>1000 ppm), which is again in agreement with the trend that the oxygen chemical shift appears at a higher frequency with less coordination numbers in simple metal oxides ([@R3]). The shift calculated for the (110) surface sites is 1061 ppm, somewhat similar to the value for the (111) surface. Different shifts of about 1129 ppm were, however, calculated for the (100) surface sites, with the higher-frequency shift arising from the lower O coordination numbers \[two-coordinated sites as compared to three-coordinated sites for the (111) and (110) surfaces\]. The lack of a resonance in this chemical shift range in our experimental spectra ([Fig. 1A](#F1){ref-type="fig"}) is in agreement with reports that this is the least energetically favorable low-index surface ([@R15]). The large difference between the calculated chemical shifts for oxygen ions on the (111) and (100) surfaces (that is, 1129 and 1033 ppm), as well as our experimental observations that match well with calculations of (111) facets, suggests that the ^17^O NMR shift may be able to probe the coordination numbers of the oxygen atoms and the exposed surface planes of nanocrystals, which can be extremely important for their applications ([@R19]).

To provide additional support for the spectral assignments and to explore the surface structure and chemistry of ceria nanoparticles, natural abundance water was adsorbed on the ^17^O-enriched ceria samples. The major ^17^O resonance at 877 ppm from OCe~4~ (bulk ceria) remains in the NMR spectra of these samples ([Fig. 2A](#F2){ref-type="fig"}) because the oxygen ions in the bulk are not expected to be affected by surface adsorbates. The resonances at about 1040, 920, and 825 ppm, however, disappear and a new broad shoulder at about 850 ppm can be observed. The shift of this resonance remains unchanged in the spectrum acquired at an ultrahigh field of 19.4 T, indicating that the resonance is associated with a small *C*~Q~ (figs. S7 and S8A and table S4). In addition, another broad peak is observed at a much lower frequency (32 ppm). This peak disappears after the sample is dried under vacuum at room temperature, suggesting that this resonance can be assigned to water adsorbed on the surface of ceria. After thermal treatment of the sample at 573 K, the broad peak at 850 ppm disappears and the peaks at 1040, 920, and 825 ppm can be observed again, and the spectrum resembles that of the original bare ceria nanoparticles; this indicates that the structure of the ceria nanoparticles is recovered at elevated temperature when water is completely removed. The resonance at 850 ppm is ascribed to the oxygen ions in the third layer (these environments resonating at 825 ppm in the dry sample), in agreement with DFT calculations (fig. S8 and table S5). The resonances from the oxygen ions on the first and second layers are not observed when water is adsorbed, presumably because of fast exchange between these oxygen ions with water; this hypothesis will be further explored below.

![Solid-state NMR spectra of ceria in contact with water.\
(**A**, bottom to top) ^17^O MAS NMR spectra of nonenriched ceria nanoparticles adsorbed with nonenriched water; ceria nanoparticles enriched in ^17^O~2~ at 573 K and then exposed to air; ceria nanoparticles enriched in ^17^O~2~ at 573 K and then adsorbed with nonenriched water (water was added dropwise); the previous sample dried under vacuum at room temperature and at 573 K; and ceria nanoparticles enriched in ^17^O~2~ at 573 K. (**B**, bottom to top) ^17^O NMR spectra of liquid H~2~^17^O; ^17^O MAS NMR spectra of bulk ceria adsorbed with H~2~^17^O (bulk-H~2~^17^O); the previous sample dried under vacuum at 373 K; nonenriched ceria nanoparticles adsorbed with H~2~^17^O by adding water dropwise \[nano-H~2~^17^O(D)\]; the previous sample dried under vacuum at 373 K; and nonenriched ceria nanoparticles adsorbed with H~2~^17^O by adsorbing water through a vacuum line and then dried under vacuum at 373 K \[nano-H~2~^17^O(A)\]. The samples of H~2~^17^O, bulk-H~2~^17^O, and nano-H~2~^17^O(D) in (B) were packed into the rotors in air. All the spectra were acquired at 9.4 T. Detailed experimental parameters are summarized in table S10. Asterisks denote spinning sidebands.](1400133-F2){#F2}

Interactions between ceria nanoparticles and water were also investigated in a reverse way, through the adsorption of ^17^O-enriched water on nonenriched ceria nanoparticles (preheated at 573 K). On adding H~2~^17^O dropwise to ceria nanoparticles at room temperature, weak peaks at about 1040, 877, and 270 ppm appeared ([Fig. 2B](#F2){ref-type="fig"}) in addition to the broad peak at about 32 ppm from adsorbed water. These peaks dominated the spectra after the sample was dried under vacuum at 373 K. Similar spectra were obtained by introducing H~2~^17^O to nonenriched ceria nanoparticles calcined at 573 K on a vacuum line ([Fig. 2B](#F2){ref-type="fig"}). The broad resonance at 270 ppm can be tentatively assigned to the hydroxyl groups (Ce^4+^-^17^OH) observed previously by Fourier transform infrared ([@R20]) on the surface of ceria nanoparticles on the basis of the low chemical shift. ^17^O-^1^H double-resonance NMR techniques \[in this case, cross polarization (CP) ([@R21]) and rotational echo double resonance (REDOR) ([@R22])\] were used to confirm this assignment because they can be used to select the ^17^O resonances of oxygen ions close to protons: they measure the heteronuclear dipolar coupling (that is, between ^17^O and ^1^H), a function of distance between ^17^O and ^1^H. As seen from [Fig. 3A](#F3){ref-type="fig"}, both the REDOR difference spectrum and CP spectra only show one signal at 270 ppm, confirming that this resonance comes from oxygen ions in close proximity to proton. The NMR parameters of this species, including chemical shift (δ~iso~) and quadrupolar product \[*P*~Q~ = *C*~Q~(1 + η~Q~^2^/3)^1/2^\], were extracted by calculating the frequency change of the center of gravity of the signal at different external fields (300 ppm at 14.1 T versus 270 ppm at 9.4 T). The obtained values (δ~iso~ = 325 ppm, *P*~Q~ = 5.1 MHz) are also supported by the DFT calculation results (fig. S8 and table S5). It is clear that the surface hydroxyl groups are associated with much larger *C*~Q~ than the less coordinated surface oxygen species, and this is in agreement with the nutation curve (fig. S9). The CP build-up curve ([Fig. 3B](#F3){ref-type="fig"}) shows that with a short contact time (\<100 μs), the CP intensity increases rapidly and reaches a maximum at about 90 to 100 μs. With longer contact times, the signal decreases significantly. This CP behavior resembles the oxygen ions at Brønsted acid sites in acidic zeolites ([@R23]), as well as hydroxyl oxygen species in layered double hydroxides ([@R24]), indicating that this O species is directly bound to H. ^1^H-^17^O TRAPDOR NMR was also used to investigate the ^1^H-^17^O dipolar coupling on the surface of ceria nanoparticles (fig. S10). Significant TRAPDOR fraction can be observed at a rather short ^17^O irradiation time of about 100 μs, and this value reaches maximum at about 140 μs, similar to the observation in acidic zeolite HY ([@R23]), and again this result suggests that H is directly connected to O. Furthermore, the maximum TRAPDOR effect of \~23% shows the ^17^O isotopic molar percentage among the surface hydroxyl groups, indicating highly efficient ^17^O isotopic labeling of the surface of ceria nanoparticles.

![Double-resonance solid-state NMR data of ceria nanoparticles.\
(**A**, top to bottom) ^17^O MAS NMR spectra of ceria nanoparticles adsorbed with ^17^O water followed by thermal treatment under vacuum at 373 K at 14.1 and 9.4 T; difference spectrum in ^17^O-^1^H REDOR experiments; and ^1^H-^17^O CP MAS NMR spectrum with a contact time of 100 μs. (**B**) The peak intensity in CP MAS NMR experiment as a function of contact time. Spectra were obtained at both 9.4 and 14.1 T under MAS rates of 13 to 14 kHz. One thousand to 40,000 scans were averaged, and recycle delays from 0.2 to 1 s were used. Asterisks denote spinning sidebands.](1400133-F3){#F3}

The domination of the surface species (that is, the lower coordinated oxygen ions at \~1040 ppm and hydroxyl groups at \~270 ppm) in the spectra of natural abundance ceria nanoparticles adsorbed with ^17^O water indicates that this approach can be used as an efficient and surface-selective isotopic enrichment method. To demonstrate this, we use this method to confirm our proposal that the resonances at 1040 and 920 ppm are due to surface and subsurface oxygen sites, specifically those on the (111) surface. To achieve this, we selectively enriched the surfaces of ceria nanorods with H~2~^17^O at room temperature because these are dominated by distinct (111) facets (fig. S11A). Ceria nanorods were also nonselectively enriched in an ^17^O~2~ atmosphere at 923 K for comparison. Four sharp resonances at 1027, 920, 877, and 825 ppm are seen for the sample enriched in ^17^O~2~, whereas the peak at 877 ppm due to bulk oxygen species dominates (fig. S11B). For nanorods enriched with H~2~^17^O, however, most of the signal comes from two sharp resonances, 1027 and 920 ppm (fig. S11C), confirming our assignment of these resonances to the (111) surface and subsurface sites, respectively. A broad peak with maximum intensity at 270 ppm arising from OH can also be observed in the surface-labeled sample. The broadening seen in the nanoparticles presumably occurs because a larger range of surfaces and disorder is present. This approach shows that selective labeling ([@R25]), which should be based on water adsorbing/dissociation, can now be controlled to the first few layers of surface sites for oxide nanostructures.

The fact that significant surface ^17^O species were observed only on ceria nanoparticles but not on bulk ceria by adsorbing H~2~^17^O ([Fig. 2B](#F2){ref-type="fig"}) implies that water dissociation readily occurs only at the surface of the more active ceria nanoparticles. Calculations show that the oxygen vacancy formation energies at the outmost first and second layers are substantially smaller than those at the third to sixth layers (fig. S12), suggesting that there are more oxygen vacancies on the first and second layers of ceria. Therefore, water dissociation on ceria nanoparticles is more likely to be the result of water interacting with oxygen vacancies. These observations also agree with the presence of the adsorbed water peak at \~32 ppm when adsorbing nonenriched water on ^17^O-enriched nanosized ceria. Adsorption of water on nanosized ceria proves effective for ceria nanoparticles with a diameter as large as 16 nm (fig. S13). The relative intensity of the peak at about 270 ppm assigned to the hydroxyl groups decreases with increasing preheating temperature, compared to the peaks at about 1040 and 920 ppm arising from first- and second-layer surface oxygen ions, suggesting that the concentration of oxygen vacancies on the surface of the ceria nanoparticles decreases with increasing particle size.

With all the signals being assigned, the evolution of different species on the ceria nanoparticles during thermal treatment was then examined ([Fig. 4](#F4){ref-type="fig"}). At 373 K, the intensities of the peaks from the surface oxygen species (1040 and 270 ppm) are much stronger than that of the peak arising from the oxygen ion in bulk ceria (877 ppm). With increasing temperature, the peaks arising from surface become weaker, whereas the intensity of the peak for bulk oxygen species increases. The latter becomes the major resonance at the temperature above 573 K, indicating that at temperatures higher than 423 K, oxygen ions on the surface can efficiently exchange with oxygen ions in the bulk, presumably through oxygen migration via oxygen vacancies. Nanoparticle sintering can be excluded as a source of the oxygen exchange process, at least at a temperature lower than 573 K, because all of the samples were preheated at 573 K. Therefore, this approach can be used to track the motion of oxygen ions in oxide nanostructures as a function of temperature.

![Solid-state NMR spectra of ceria nanoparticles adsorbed with H~2~^17^O followed by thermal treatment.\
Top to bottom: ^17^O NMR spectrum of nonenriched ceria nanoparticles adsorbed with H~2~^17^O by adding water dropwise, then dried under vacuum at 373, 423, 473, 523, 573, and 773 K. A rotor-synchronized Hahn-echo sequence (π/6 - τ - π/3 - τ - acquisition) was used. Spectra were obtained at 9.4 T under a MAS rate of 20 kHz. Eight thousand to 20,000 scans were collected, and recycle delays from 0.2 to 0.5 s were used. Asterisks denote spinning sidebands.](1400133-F4){#F4}

Oxygen vacancies and Ce^3+^ are often present as defects in CeO~2~-based materials, and their concentrations are significant in nanoparticles ([@R17], [@R26]), which can be determined by x-ray photoelectron spectroscopy (XPS) ([@R27], [@R28]) (figs. S14 and S15). These species play an important role in controlling the physical properties of this material for a variety of applications, such as heterogeneous catalysis of redox reactions ([@R29]), and are thus investigated here with NMR. H~2~ temperature programmed reduction (TPR) experiments were first carried out on bulk ceria and ceria nanoparticles to determine the temperature to generate Ce^3+^ and oxygen vacancy in H~2~ atmosphere (fig. S16). For bulk ceria, a small and relatively narrow H~2~ consumption peak can be observed at a temperature lower than 800 K, whereas a much broader and more intense peak centered at 773 K is seen for ceria nanoparticles calcined at 773 K. These peaks can be ascribed to reaction of H~2~ with surface oxygen of ceria ([@R30]). Again, the large peak width associated with the nanoparticles can be ascribed to the wide size distribution of the nanosized sample (fig. S1). The consumption of H~2~ increased again at a temperature above 1050 K, which should be associated with the bulk oxygen species. Thus, the ^17^O NMR spectrum were collected for bulk ceria enriched at 1073 K and then reduced in H~2~ atmosphere at 1073 K ([Fig. 5A](#F5){ref-type="fig"}). A shoulder to lower frequency of the OCe~4~ peak (877 ppm) and a more distinct lower frequency resonance at about 845 ppm with a full width at half maximum of 12 ppm can be observed. The lower frequency components are tentatively assigned to oxygen ions near the oxygen vacancies or in the Ce^3+^ second cation coordination shell. The spectrum of ceria nanoparticles initially enriched at 773 K and then reduced at 773 K in H~2~ also contains a relatively broad resonance with a maximum intensity at about 870 ppm and a broader shoulder at lower frequencies, different from the case of the original nanoparticles (without reduction) or that obtained on reoxidation in oxygen environment ([Fig. 5B](#F5){ref-type="fig"}). The resonance assigned to surface three-coordinated oxygen ions disappears after reduction. Careful examination of these spectra (inset of [Fig. 5B](#F5){ref-type="fig"}) shows that a broader component is present underneath the resonances of the reduced materials. Fermi contact (hyperfine) ^17^O shifts of more than 728 ppm have been observed for oxygen atoms directly bound to the paramagnetic Ce^3+^ ion, and similarly, large contact shifts are expected in this system ([@R31]). We ascribe the broad component to oxygen ions in the first coordination cell of one or more Ce^3+^ ions, with the broadening arising from the distribution in local environments and the dipolar interactions between the unpaired electrons centered on Ce^3+^ and ^17^O.

![Solid-state NMR spectra of reduced ceria in comparison with bulk and nanosized ceria.\
(**A**) ^17^O NMR spectra of bulk ceria enriched in ^17^O~2~ at 1073 K (bottom) and reduced in H~2~ atmosphere at 1073 K (top). (**B**) ^17^O NMR spectra of nanosized ceria enriched in ^17^O~2~ at 773 K (bottom), reduced in H~2~ atmosphere at 773 K (top), and reoxidized in air reduced ceria (middle). Inset shows the full width of the three ^17^O spectra. A rotor-synchronized Hahn-echo sequence (π/6 - τ - π/3- τ - acquisition) was used. Data were obtained at 9.4 T under a MAS rate of 20 kHz. One hundred thousand (A, bulk), 300,000 (A, reduced), 1024 (B), and 40,000 scans (B, inset) were averaged, and recycle delays of 0.1 s (A), 1 s (B), and 0.01 s (B, inset) were used. Asterisks denote spinning sidebands.](1400133-F5){#F5}

We have also calculated the chemical shifts of the environments generated by the presence of the Ce^3+^ ions and oxygen vacancies, and the observation of a sharper peak at a lower frequency is supported by DFT calculations. Three models constructed to describe the reduced ceria were considered: (i) CeO~2~ (2 × 2 × 2) unit cell with an oxygen vacancy, which represents the situation of bulk oxygen vacancy; (ii) CeO~2~(111) with a subsurface oxygen vacancy; and (iii) CeO~2~(111) with a surface oxygen vacancy, with both models (ii) and (iii) representing the situation of vacancies near the surface. All three models contain the two Ce^3+^ ions required to create one oxygen vacancy. The structures of the three models are shown in fig. S17 (A to C), and the calculated chemical shifts are summarized in fig. S17 (D to F) and tables S6 to S8. Generally, the calculated chemical shifts for the oxygen ions 5 Å or closer to the oxygen vacancy in model (i) show a slightly smaller chemical shift compared to the 877 ppm resonance in bulk CeO~2~; similar trends are observed for oxygen ions close to a vacancy (that is, in the same layer or the next layer to the oxygen vacancy). The oxygen ions further away show a chemical shift of about 877 ppm. The average chemical shift for the oxygen ions close to an oxygen vacancy is about 845 ppm in the three different structural models. Note that we have not included the additional hyperfine shifts that will result from the presence of the Ce^3+^ ions because these cannot be readily calculated, and so we have only considered the environments that are not in the Ce^3+^ first shell.

DISCUSSION
==========

In conclusion, this paper describes a novel ^17^O NMR approach to study the surface and defect sites of nanosized oxides. Because the oxygen ions on the surface of ceria nanoparticles (first, second, and third surface layers) show distinct chemical shifts compared to those in the bulk, ^17^O NMR spectroscopy can be a sensitive probe to monitor the local structure of oxide nanocrystals. Adsorbing water on ceria can be used to explicitly label oxygen ions in the top surface layers (first and second), the method being more controlled than simply heating the nanoparticles at high temperatures. Thus, the method allows for inexpensive ^17^O enrichment of the surface sites of nanostructures, enabling easy identification of the most active species and monitoring of their behavior in a chemical reaction. Double-resonance NMR techniques can be used to distinguish hydroxyl groups from other surface sites. These methods provide a new strategy to study the unique local structure and surface chemistry of nanostructured oxides, as well as their performance in a wide range of applications. Moreover, we expect that this approach can be used to study the interfaces between oxides and other materials and to illuminate important issues such as the nature of the interactions between the catalytic active species and the support oxides ([@R32]), as well as the differences in anionic conductivity that are often seen at the interface between two oxides ([@R33]).

Although the new approach presented allows the detection of the evolution of oxygen species in a chemical process, the exchange of oxygen ions (for example, the process shown in [Fig. 4](#F4){ref-type="fig"}) may limit its applications in monitoring the behavior of oxygen ions in reactions at elevated temperature.

MATERIALS AND METHODS
=====================

Study design
------------

The sizes of ceria nanoparticles were determined with the XRD data by using the Debye-Scherrer equation, which were in general agreement with the surface area measurements. There is no rule for stopping NMR data collection in advance, and data acquisition was stopped when enough signal/noise ratio was achieved. Each experimental measurement (sample preparations and NMR experiments) was repeated at least once to ensure that the results can be replicated.

Material preparation
--------------------

### Preparation of ceria nanoparticles

(NH~4~)~2~Ce(NO~3~)~6~ (1.645 g, 3 mmol, Sinopharm Chemical Reagent Co. Ltd.) was dissolved in distilled water (50 ml), and the mixture was stirred magnetically for 10 min to obtain a good homogeneity. The solution was then transferred into an 80-ml autoclave and heated at 393 K under autogenous pressure for 10 hours before it was allowed to cool to room temperature. The resulting light-yellow precipitates were washed four times with distilled water and anhydrous ethanol and then dried at 353 K for 12 hours.

### Preparation of ceria nanorods

The synthesis of CeO~2~ nanorods followed the procedure of Mai *et al.* ([@R34]). In a typical preparation procedure, 1.96 g of Ce(NO~3~)~3~·6H~2~O was dissolved in 40 ml of ultrapure water (resistance \>18 MW), and 16.88 g of NaOH was dissolved in 30 ml of ultrapure water. The NaOH solution was added dropwise into the Ce(NO~3~)~3~ solution under magnetic stirring at room temperature (RT). The solution was stirred for an additional 30 min at RT and then transferred into a 100-ml Teflon bottle, which was tightly sealed and hydrothermally treated in an autoclave at 373 K for 24 hours and then cooled to RT. The resulting white precipitate was collected, washed with ultrapure water, and dried under vacuum at 353 K for 16 hours. Then, the acquired yellow powder was calcined at 973 K for 4 hours to obtain CeO~2~ nanorods.

^17^O enrichment procedures
---------------------------

Bulk ceria (typically 200 mg, Sinopharm Chemical Reagent Co. Ltd.) and nanosized ceria (typically 200 mg) were first heated at 573 K for 10 hours (except the ceria nanoparticles that were later enriched at 523 K; this particular sample was heated at 523 K) and then enriched by heating the powders in a 70% ^17^O-enriched O~2~ gas (Cambridge Isotope Laboratories) atmosphere at various temperatures (523 to 1073 K) for 10 hours (for bulk ceria sample, ^17^O enrichment was performed at 1073 K for 10 hours). Ceria nanoparticles were also enriched through introduction of a small amount of 70% ^17^O-enriched H~2~O (Cambridge Isotope Laboratories) by first adding water dropwise or introducing water using a vacuum line at room temperature and then exposing the samples to vacuum to remove additional water. For introducing water using a vacuum line, water vapor (typically 0.1 mmol) was adsorbed onto ceria samples (typically 200 mg) at room temperature for 5 min.

Hydrogen reduction
------------------

Ceria samples (typically 200 mg) were reduced under hydrogen (1 bar) in a sealed quartz tube at 773 K for 5 min before allowing them to cool to room temperature under vacuum.

Solid-state NMR spectroscopy
----------------------------

^17^O MAS NMR spectra were performed on 9.4- and 14.1-T Bruker Avance III spectrometers with 1.3-mm HXY, 3.2-mm HXY, and 4-mm HXY MAS probes (in double resonance) tuned to ^17^O at 54.2 and 81.3 MHz, respectively. Ultrahigh field data were collected on a 19.6-T Bruker DRX spectrometer with a 1.8-mm single-channel probe tuned to 112.9 MHz. All the samples were packed into the rotors in the N~2~ glove box unless otherwise stated. ^17^O chemical shift is referenced to H~2~O at 0.0 ppm.

DFT calculations
----------------

The spin-polarized calculations were carried out with the generalized gradient approximation (GGA)--Perdew-Burke-Ernzerhof (PBE) functional, using the Vienna Ab initio Simulation Package (VASP) ([@R35]), which can calculate chemical shifts for crystalline systems using the linear response method and electric field gradients (EFGs) at the positions of the atomic nuclei. The project-augmented wave method ([@R36]) was used to describe the electron-core interaction. The Ce (5s, 5p, 6s, 5d, 4f), O (2s, 2p), and H (1s) shells were treated as valence electrons. We used a plane wave kinetic energy cutoff of 500 eV for structure optimization, chemical shift, and EFG calculations. All atoms were allowed to move, and the structural relaxing calculations were converged until the Hellman-Feynman forces on each ion were less than 0.02 eV/Å. For chemical shift and EFG calculations, we used a typically higher stopping criterion of 10^−8^ eV for electronic minimization (fig. S18A). Particularly, to characterize the electronic and geometric structures of ceria properly, we added a Hubbard *U* of 5 eV in DFT calculations, as suggested by Nolan and co-workers ([@R37]). Using the PBE + *U* method, we obtained a lattice parameter of 5.448 Å for bulk ceria, which is in good agreement with the experiment value (5.411 Å) ([@R38]). The {111}, {110}, and {100} facets of CeO~2~ were modeled by surface slabs that are thick enough to maintain trivial fluctuations of chemical shift values in their middle layers, and they were all represented by p(2 × 2) lateral cells (fig. S6, A to C). For CeO~2~(100), we removed half of the oxygen atoms from the outermost planes to offset the net dipole and make it stable. To avoid interactions between slabs, they were separated by a vacuum gap greater than 10 Å. The Brillouin zone integration was performed using a 2 × 2 × 1 and 1 × 1 × 1 Monkhorst-Pack grid for surface slabs and the (2 × 2 × 2) bulk cell, respectively. The isotropic chemical shift (δ~iso~) is defined as δ~iso~ = δ~ref~ + *m*δ~cal~, where δ~ref~ is the reference chemical shift (fig. S18B), *m* is a gradient assumed to be equal to −1, and δ~cal~ is the chemical shift value obtained within VASP. The quadrupole coupling constant (*C*~Q~) was calculated as follows:$$\mathit{C}_{Q} = \frac{\mathit{e}\mathit{Q}\mathit{V}_{\text{zz}}}{\mathit{h}},$$where *e* is the absolute value of the electron charge, *Q* is the element- and isotope-specific quadrupole moment \[the experimental value of *Q* = −0.02558 barns ([@R39]) is used for the ^17^O\], *V*~ii~ (ii = xx, yy, or zz) is the eigenvalues of the EFG tensor (\|*V*~zz~\| \> \|*V*~yy~\| \> \|*V*~xx~\|), and *h* is the Planck constant.

A chemical shift calculation of clean CeO~2~(111) surface was performed without structure relaxing (fig. S18B). The results show that the chemical shifts of oxygen atoms at fifth to eighth O layers have a constant value of 825 ppm. Considering that the bulk oxygen ions have more regular arrangements than the oxygen ions near the surfaces, this constant value can be used to estimate the reference chemical shift value (δ~ref~). As a result, 52 ppm was taken as the δ~ref~ \[δ~ref~ = δ~iso~(bulk) -- *m* × δ~cal~(bulk) = 877 ppm -- 1 × 825 ppm = 52 ppm\].
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Fig. S1. XRD and electron microscopy characterization of ceria nanoparticles.
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Fig. S10. TRAPDOR NMR of ceria nanoparticles.
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Fig. S12. Vacancy formation energies of different oxygen ions.
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Fig. S14. Ce 3d~3/2,5/2~ XPS spectra collected for ceria nanoparticles, nanorods, and bulk sample, as well as line fitting results.
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